The activation and deactivation of Ca ] i caused by PMCA activation, no protein-protein interactions were observed between PMCA4b and nNOS. Furthermore, both the PDZ domain of nNOS and the PDZ-binding motif of PMCA4b were essential for the protein-protein interaction. The involvement of lipid raft microdomains on the activity of PMCA4b and nNOS was also investigated. Unlike other PMCA isoforms, PMCA4 was relatively more concentrated in the raft fractions. Disruption of lipid rafts altered the intracellular localization of PMCA4b and affected the interaction between PMCA4b and nNOS, which suggest that the unique lipid raft distribution of PMCA4 may be responsible for its regulation of nNOS activity. In summary, lipid rafts may act as platforms for the PMCA4b regulation of nNOS activity and the transient tethering of nNOS to PMCA4b is responsible for rapid nNOS deactivation.
INTRODUCTION
Nitric oxide (NO) is synthesized from oxygen and l-arginine by nitric oxide synthase (NOS) and has essential roles in vascular tone modulation, neurotransmission, and immune defense (Moncada and Bolanos, 2006) . Three genetically different isoforms of NOS account for NO production, namely, the two constitutive forms endothelial nitric oxide synthase (eNOS) and neuronal nitric oxide synthase (nNOS) and the inducible form inducible nitric oxide synthase (iNOS). Among these isoforms, nNOS (also known as NOS-I) is the isoform predominantly found in neuronal tissue (Alderton et al., 2001) . NO production by activated nNOS in the central nervous system is triggered by elevated intracellular Ca 2+ concentrations ([Ca
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2+ ] i activated PMCA and nNOS in living cells
We measured the activity of PMCA and nNOS in living cells using Ca
2+
-specific Fura-2-AM and NO-specific DAF-2-DA fl uorescence probes, respectively. Isosmotic buffer containing N-methyl-d-glucamine was used to block the Ca 2+ transport mediated by the Na + -Ca 2+ exchanger (NCX), whereas thapsigargin was added to inhibit the activity of the endoplasmic rebeen closely associated with the risk of the developing brain ischemia damage, Parkinson's disease, Alzheimer's disease, and other nervous system diseases (Torreilles et al., 1999; Tran et al., 2003; Moro et al., 2004; Guix et al., 2005) . Based on the physiologic and pathologic role of NO, the generation, release, diffusion, and deactivation of NO should be precisely regulated in the central nervous system, which is accomplished mainly through nNOS activation and deactivation. The NO synthesis catalyzed by nNOS is Ca
-dependent and the regulation of nNOS activity is closely related to the structure of nNOS. The nNOS monomer (inactive form) has a bidomain structure, wherein an oxygenase domain (Nterminus) that contains binding sites for heme, BH 4 , and larginine is linked by a calmodulin-binding motif to a reductase domain (C-terminus) that contains binding sites for FAD, FMN, and NADPH (Alderton et al., 2001; Sagami et al., 2001; Zhou and Zhu, 2009 ). In addition, the N-terminus of nNOS contains a PDZ domain that participates in the formation of active dimers and interacts with other proteins in the specifi c regions of the cell (Zhou and Zhu, 2009) . nNOS is anchored to the second PDZ domain of PSD-95 through the interaction between the PDZ domains, while PSD-95 is bound to NMDA receptors (NMDA-R) through the PDZ domain. This indirect anchoring positions nNOS and NMDA-R close to each other, thereby greatly increasing the effi ciency of the conversion from excitatory amino acids signals to NO signals (Brenman et al., 1996) . Meanwhile, excess NO leads to the nitrosylation of the Cys 744 and Cys 798 of the NMDA-R, which deactivates NMDA-R and decreases Ca 2+ infl ux (Kim et al., 1999) . Therefore, the contiguity of nNOS and NMDA-R increases the sensitivity and speed of negative feedback regulation. Compared with nNOS activation, less is known about the key events during nNOS deactivation. Using biochemical approaches, Schuh et al. found that the PDZ binding motif at the C-terminus of plasma membrane calcium ATPase 4b (PMCA4b) interacts with the PDZ domain of nNOS. Based on these fi ndings, Schuh suggested that PMCA is a major factor that downregulates nNOS activity (Schuh et al., 2001) .
In the present investigation, we used time-resolved Förster resonance energy transfer (FRET) ] i -induced protein-protein interaction between PMCA4b and nNOS contributes to nNOS deactivation. We also found that the interaction between PMCA4b and nNOS depends on the PDZ domain and the integrity of the lipid rafts. These events may play an important role in controlling NO production in the central nervous system.
RESULTS
Expression and partitioning profi les of PMCA isoforms in rat brains
We first analyzed the expression profiles of the four PMCA ] i (Fig. 3B) , and the glutamate-treated cerebellar granule cells were unable to generate NO (Fig. 3D) , which suggests that the integrity of lipid rafts also has an important role in the activation of PMCA and nNOS.
Subsequently ] i to basal levels ( Fig. 4A ). High [Ca 2+ ] i levels also activated nNOS in the HEK-293 cells transfected with pcDNA3.1-nNOS, which triggered the generation of NO (Fig. 4C) ] i rapidly activated the PMCA, which transports Ca 2+ out of the cells.
The PMCA activation gradually returns [Ca 2+ ] i to the quiescent levels ( Fig. 3A) . High [Ca 2+ ] i levels also activate nNOS, triggers NO generation (Fig. 3C) . The MβCD treatment markedly (A) mRNA expression profi les of four PMCA isoforms. RNA was isolated from the cerebral cortex, cerebellar cortex, hippocampus, and corpus striatum a nd subjected to RT-PCR to analyze the expression of PMCA1, PMCA2, PMCA3, and PMCA4. β-Actin was used as the internal standard. (B) Protein expression profi les of the four PMCA isoforms. Proteins were extracted from the cerebral cortex, cerebellar cortex, hippocampus, and corpus striatum, and 20 μg of each sample was subjected to SDS-PAGE and immunoblotted with antibodies against PMCA1, PMCA2, PMCA3, and PMCA4. β-Actin was used as the internal standard. (C) Partitioning of the four PMCA isoforms in the microdomains of the plasma membrane of neuronal cells. The plasma membrane was fractionized into lipid rafts or non-raft fractions using a Nycodenz density gradient. Approximately, 11 μL of the 13 fractions was subjected to 7.5% SDS-PAGE and immunoblotted with antibodies against the PMCA isoforms. Flotillin-1 was used as the marker for lipid raft fractions. Lipid rafts & pcDNA3.1-myc-PMCA4b, and found that HEK-293 cells with higher PMCA4b activities generated less NO (Fig. 5C ). These results suggest that PMCA4b is one of the key molecules that deactivated nNOS.
Ca
2+
-induced transient protein-protein interaction between PMCA4b and nNOS was mediated by PDZ domain and depended on the integrity of lipid rafts
Construction of vectors and intracellular localization of fused proteins
Time-resolved FRET was used in living cells to study the protein-protein interaction between PMCA4b and nNOS under physiologic conditions. EGFP fused with PMCA4b and RFP fused with nNOS were used as donor-acceptor pairs. A series of vectors that encode the fused EGFP and PMCA4b protein or the fused RFP and nNOS protein were constructed with pEGFP-N1 vector or pDsRed/monomer C1 vector, respecand blocked the generation of NO (Fig. 4D) .
Increased PMCA activity decreased NO generation
We cotransfected HEK-293 cells with different amounts of pcDNA3.1-myc-PMCA4b and with 1 μg of pcDNA3.1-nNOS to manipulate their PMCA activity. Exposure of cells to thapsigargin and ionomycin triggered the Ca 2+ -dependent activation of PMCA and nNOS. Transfection with pcDNA3.1-myc-PMCA4b plasmids caused the dose-dependent expression of exogenous PMCA4b proteins, as shown in Fig. 5A . In addition, the increase in PMCA4b protein levels was correlated with the increase in PMCA activity (Fig. 5B) . Transfecting more PMCA4b expression plasmids increased the Ca 2+ -elimination speed. The total PMCA activity of HEK-293 cells transfected with 2 μg of PMCA4b plasmids was about twice that of cells transfected with empty vectors.
We also detected the nNOS-generated NO in HEK-293 cells simultaneously cotransfected with pcDNA3.1-nNOS and →Glu mutation that reduced the ATPase activity to about 10%. The pEGFP-hPMCA4b-cap vector contained a myc/6× His tag at the C-terminus of PMCA4b, which blocks the binding to PDZ domains (Adamo et al., 1995) . The pRFPΔnNOS vector, which encodes a fused nNOS-RFP protein with a deleted PDZ-domain, was also constructed to investigate the involvement of PDZ domain in the protein-protein interactions between PMCA4b and nNOS. The intracellular localization of fused proteins was examined under confocal microscopy. Neither the mutation of Asp 672 →Glu nor the myc/6× His tag affected the membrane localization of PMCA (Fig. 6B ).
Ca
2+ -induced transient protein-protein interaction between PMCA4b and nNOS
We investigated the protein-protein interaction between PMCA4b and nNOS in HEK-293 cells transfected with vectors that encode the fused PMCA4b and nNOS protein. The time course of the occurrence of FRET is shown in Fig. 6C . In quiescent cells with low [Ca 2+ ] i , both PMCA and nNOS were kept in inactive form and no energy transfer occurred between hPMCA4b-EGFP and nNOS-RFP. However, when the cells were treated with thapsigargin and ionomycin, the Ca 2+ was released from intracellular calcium pools (mainly form endoplasmic reticulum) into the cytoplasm and the [Ca 2+ ] i reached high levels. Under these conditions, both PMCA4b and nNOS were activated. At 30 s after the addition of thapsigargin and ionomycin, the fl uorescence intensity of PMCA4b-EGFP decreased, whereas that of nNOS-RFP increased, which suggests the occurrence of FRET between PMCA4b-EGFP and nNOS-RFP. That is, thapsigargin and ionomycin treatment initiated the increase in [Ca 2+ ] i , which triggered the protein-protein interaction between PMCA4b and nNOS. Interestingly, the protein-protein interaction between PMCA4b and nNOS was highly dynamic and dependent on [Ca 2+ ] i . At 160 s after the addition of thapsigargin and ionomycin, the [Ca 2+ ] i decreased 
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Importance of the PDZ domain and the lipid rafts in the protein-protein interaction between PMCA4b and nNOS
We further investigated the effects of the PDZ domain of nNOS and the PDZ-binding motif of PMCA4b on the proteinprotein interaction between PMCA4b and nNOS. The PDZ domain of nNOS (1-299 aa) was deleted by constructing the vector pRFP-ΔnNOS. Transfection with the vector pEGFPhPMCA4b-cap blocked the binding of the myc/6× His tag at the C-terminus of PMCA4b to the PDZ domains (Adamo et al., 1995) . No apparent FRET was observed in the HEK-293 cells cotransfected with pEGFP-hPMCA4b-cap plus pRFP-nNOS, or pEGFP-hPMCA4b-mut plus pRFP-ΔnNOS, which suggests that both the C-terminus PDZ binding motif of PMCA4b and the PDZ domain of nNOS were crucial for the protein-protein to basal levels and the FRET between PMCA4b-EGFP and nNOS-RFP disappeared.
Comparison of the FRET that occurred between hPMCA4b-EGFP/nNOS-RFP and hPMCA4b-mut-GFP/nNOS-RFP revealed that the maximal nF of the HEK-293 cells transfected with pEGFP-hPMCA4b-mut (lower ATPase activity) was 54, whereas that of the HEK-293 cells transfected with pEGFPhPMCA4b (normal ATPase activity) was 42. The difference in FRET intensity may be due to the difference in PMCA activity. The overexpression of functional hPMCA4b fused proteins enhanced PMCA activity, which increased the Ca 2+ -elimination machinery. The rapid decline in [Ca 2+ ] i in the HEK-293 cells transfected with pEGFP-hPMCA4b signifi cantly decreased the protein-protein interaction between PMCA4b and nNOS. (Brini, 2009; Oceandy et al., 2010) . In mammals, PMCAs are encoded by a multigene family (ATP2B1-ATP2B4) to form four isoforms: PMCA1, PMCA2, PMCA3, and PMCA4. PMCA1 and PMCA4 are ubiquitous, whereas PMCA2 and PMCA3 are much more restricted to certain tissues. Two main variants, denoted as PMCAa and PMCAb, were observed from the alternate splicing of the mRNA transcripts at the C-terminus splice site of PMCA (Kruger et al., 2009) . More than 30 different spliced forms of PMCA have been identifi ed (Guerini, 1998; Strehler and Zacharias, 2001) , which have been associated with the high complexity and temporal/spatial specifi city of the Ca 2+ signals.
PMCA4 is ubiquitously expressed in mammalian cells and is regarded as a key modulator of Ca 2+ -related signaling in neuronal cells (Kim et al., 1998; Schuh et al., 2001) , cardiomyocytes (Oceandy et al., 2007) , and endothelial cells (Holton et al., 2010) . The PMCA4b splice variant contains a PDZ-binding interaction between PMCA4b and nNOS.
The influence of lipid rafts on the interaction between PMCA4b and nNOS was also investigated. We found that pretreatment of the cells with MβCD abolished the interaction between PMCA4b and nNOS, which indicated that the integrity of the lipid raft microdomains is needed for the interaction of these two proteins. Tg+ionomycin n n n n n n n n n n n n n n n n Tg+ + + + + + + + ionomycin n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n n In endothelial cells, smooth muscle cells, and cardiac muscle cells, the PMCA4b is localized in the caveolae, a specialized subset of lipid rafts (Fujimoto, 1993; Hammes et al., 1998) . Our results indicate that PMCA4b is relatively enriched in the lipid rafts of neuronal plasma membranes (Fig. 1C) , which was in accordance with previous reports (Sepulveda et al., 2006) . The partitioning of PMCA4b in lipid rafts suggests that it exerts certain functions related to lipid rafts. Lipid rafts are thought to dynamically organize cellular signaling events triggered by extracellular stimuli (Simons and Ikonen, 1997; Brown and London, 1998) . A large number of signaling molecules are situated in these subcellular microdomains, and a considerable amount of molecular signal, including Ca 2+ , may reach lipid rafts (Parton, 2001 ). In this regard, PMCA4b displays its key role, selecting the target for the calcium signal (Oceandy et al., 2010) . A recent study revealed that lipid raftanchored PMCA has higher activity than PMCA localized in non-raft microdomains (Jiang et al., 2007) . In addition to other cellular compartments, nNOS has also been shown to be localized to caveolae in several cell types including muscle cells (Stamler and Meissner, 2001; Cartwright et al., 2009 ). The caveolae of cardiomyocytes have been regarded as platforms for assembling PMCA4/nNOS/ α1-syntrophin signaling complexes (Williams et al., 2006) . Our findings further suggest the importance of lipid rafts for PMCA4/nNOS interaction in neuronal cells.
DISCUSSION
Controlling the local [Ca 2+ ] i has an important role during nNOS activation in neuronal cells. By interacting with scaffolding proteins such as PSD95, nNOS and NMDA-R form signaling complexes at the neuronal plasma membrane, where the Ca 2+ influx rapidly activates nNOS (Brenman et al., 1996 (Brenman et al., ). al., 2001 Oceandy et al., 2007) , and they hypothesized that PMCA4b may be the key modulator of nNOS deactivation (Mohamed et al., 2009 (Mohamed et al., , 2011 . However, investigating the function of proteins and protein networks in the cell should be preferably performed in vivo to maintain the cellular context (Piehler, 2005) . Considering the highly dynamic nature of transmembrane proteins (Ciruela, 2008; Loura and Prieto, 2011; Miyawaki, 2011) , we employed FRET instead of biochemical approaches to investigate the interaction between PMCA4b and nNOS in living cells. The results of the time-resolved FRET clearly indicated energy transfer between PMCA4b and nNOS, which suggests the occurrence of protein-protein interactions (Fig. 6 ). More importantly, we found that the interaction is highly dynamic. The transient FRET only occurs under high [Ca 2+ ] i . No FRET was observed under basal [Ca 2+ ] i caused by PMCA activation. We also found that both the PDZ domain of nNOS and the PDZbinding motif of PMCA4b are essential for the interaction in living cells, which is in accordance with the results obtained using cell-free systems (Schuh et al., 2001) .
The interaction between PMCA4b and nNOS depends on [Ca 2+ ] i ; thus, we determined how Ca 2+ modulates the proteinprotein interactions. As a P-type ATPase, the C-terminus of PMCA has a self-inhibitory effect. Under physiologic conditions when certain cellular events increase the intracellular free Ca 2+ concentrations , the Ca 2+ -mediated binding of calmodulin to the C-terminus of PMCA prevents the self-inhibition, thereby activating PMCA (Falchetto et al., 1991; Falchetto et al., 1992; Kobe and Kemp, 1999) . Using intramolecular FRET technology, Gerardo confi rmed the rearrangement of the N-and the C-terminal segments of PMCA during activation (Corradi and Adamo, 2007) . Based on these reports, we speculated that the Ca 2+ -mediated rearrangement of PMCA provides the structural basis for the protein-protein interactions. , which rapidly decreases nNOS activity. Lower local [Ca 2+ ] i also initiates the rearrangement of PMCA and releases the interaction with nNOS (Fig. 7) .
In conclusion, we provide direct evidence that increasing [Ca 2+ ] i triggers a transient interaction between PMCA4b and nNOS in living cells, which depends on the integrity of lipid rafts. By transporting Ca 2+ out of the cells, the PMCA4b enriched in lipid rafts decreases the local [Ca 2+ ] i levels, thereby downregulating the nNOS activity dynamically associated to PMCA4b via Ca 2+ -dependent PDZ domain-mediated proteinprotein interactions. Lipid rafts may act as platforms for the regulation of nNOS activity by PMCA4b, and the transient tethering of nNOS to PMCA4b is responsible for the rapid deactivation of nNOS.
MATERIALS AND METHODS
Antibodies and chemicals
Primary antibodies against PMCA1, PMCA2, PMCA3, and PMCA4 were obtained from Affinity Bioreagents. The primary antibodies against nNOS were from Cell Signaling Technology, whereas the primary antibodies against β-actin were from Santa Cruz. The primary antibodies against flotillin-1 were from BD Biosciences. HRP-, FITC-, and TRITC-conjugated secondary antibodies were from Santa Cruz. Dulbecco's modifi ed Eagle's medium (DMEM), fetal bovine serum, cell culture supplements, TRIzol™, Lipofectamine™ 2000, and Fura-2-AM were from Invitrogen. DAF-2-DA, thapsigargin, and ionomycin were from Merck. All other chemicals were from Sigma.
Recombinant DNA constructs
The plasmids pCMV-hPMCA4b, pCMV-hPMCA4b-mut, and pCMVhPMCA4b-cap were generously provided by Dr. Ludwig Neyses (University of Manchester, UK). The plasmids pcDNA3.1-nNOS and pEGFP-hPMCA4b were kindly provided by Dr. Rohini Kuner (University of Heidelberg, Germany) and Dr. Stanley A. Thayer (University of Minnesota, USA), respectively.
The pRFP-nNOS plasmid that expresses a fused RFP and rat nNOS protein was generated using the pDsRed/monomer C1 vector (Clontech) at the XhoI and EcoRI sites. The pRFP-ΔnNOS plasmid that expresses a fused RFP and rat nNOS protein without an interacting PDZ domain (1-299 aa) deleted was generated using the same method. The pEGFP-hPMCA4b plasmid that expresses a fused EGFP and human PMCA4b protein, the pEGFP-hPMCA4b-mut plasmid that expresses a fused EGFP and human PMCA4b protein with an Asp 672 →Glu mutation, and the pEGFP-hPMCA4b-cap plasmid that expresses a fused protein EGFP and human PMCA4b protein with a myc/6× His tag at the PMCA4b C-terminus were generated using the pEGFP-N1 vector (Clontech) at the XhoI and BamHI sites (Schuh et al., 2001 ). The pcDNA3.1-myc-hPMCA4b plasmid that expresses a myc-tagged human PMCA4b was constructed using a pcDNA3.1(-) vector at the BamHI and KpnI sites.
Cell culture and transfection
Primary cultures of cerebellar granule cells were prepared from 7-dayold Sp rague-Dawley rat pups (Beijing Vital River Experimental Animal Center). The cerebella were dissected and trypsinized at 37°C for 20 min. Trypsinization was terminated using fetal bovine serum, and the cells were mechanically dissociated by pipetting up and down for 5 times. The cells were resuspended in high-glucose DMEM supplemented with 10% fetal bovine serum, penicillin (100 U/mL), streptomycin (100 μg/mL), and 25 mmol/L KCl, and were seeded into 35 mm-dishes previously coated with poly-d-lysine (100 μg/mL). The cells were maintained in a humidifi ed incubator containing 5% CO 2 and 8% O 2 at 37°C. At 24 h after seeding, cytosine arabinoside (10 μmol/L) was added into the medium to inhibit the growth of non-neuronal cells. The cells were ready for use on the seventh day.
HEK-293 cells were grown in high-glucose DMEM supplemented with 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 μg/mL), and maintained in a humidified 5% CO 2 /air incubator at 37°C. The cells were transfected with various vectors using Lipofectamine™ 2000 reagent. The cells were used for experiments at 48 h after transfection.
Isolation of synaptic plasma membrane and separation of lipid rafts
The protocol for synaptic plasma membrane (SPM) isolation was kindly provided by Dr. Pingsheng Liu (Institute of Biophysics, CAS). Briefl y, the brains of six Sprague-Dawley rats were collected and kept in 0.3 mol/L sucrose on ice. The forebrains were homogenized using 20 strokes in a 50 mL-glass dounce, and the homogenate was centrifuged at 800 g for 20 min. The supernatant was collected and centrifuged at 9000 g for 20 min. The pellet was washed once with 0.3 mol/L sucrose, incubated in 0.03 mol/L sucrose for 20 min on ice, and then centrifuged at 14,000 g for 20 min. The pellet was resuspended in double distilled water, homogenized using 10 strokes in a glass dounce, and was adjusted to 1.1 mol/L sucrose and 5 mmol/L Tris (pH 7.5) in a fi nal volume of 15 mL. The sample was overlaid with 14 mL of 0.8 mol/L sucrose and 5 mL of 0.3 mol/L sucrose, and centrifuged at 84,000 g for 2 h in SW40 rotor (Beckman). Crude SPM was collected from the interface of 0.8 mol/L to 1.1 mol/L sucrose, diluted with ice-cold water (1:3), and centrifuged at 200,000 g in an SW40 rotor for 40 min. The resulting SPM was used to isolate lipid rafts following the method described by Sepúlveda et al. (2006) . Thirteen fractions obtained from density gradient centrifugation were collected and kept at -80°C for subsequent western blot analysis.
RT-PCR
The cerebral cortex, cerebellar cortex, hippocampus, and corpus striatum were dissected from Sprague-Dawley rats, and the total RNA from each tissue was isolated using TRIzol reagent. cDNA was synthesized using a random primer and an Omniscript reverse transcription kit (Qiagen). PMCA1, PMCA2, PMCA3, and PMCA4 cDNA were amplifi ed using the following primers (Mamic et al., 2000; Tachibana et al., 2004) : PMCA1 sense 5′-GGCGACTTTGGCAT-CACACT-3′ and anti-sense 5′-TTTCAACTTGGTGCAAATTCCA-3′; PMCA2 sense 5′-ATCCAGACACAGATCCGCGTCGTG-3′ and antisense 5′-GATTTGCTCGTGTCGGTCGTCAGG-3′; PMCA3 sense 5′-ACCAGTGTATGTGCAGTACTTTGTG-3′ and anti-sense 5′-CTAG-Protein Cell & 208 s. EGFP-tagged proteins were excited at 488 nm and their emissions were detected at 530 nm. RFP-tagged proteins were excited at 561 nm and their emissions were detected at 615 nm. Cells transfected with empty vector (pcDNA3.1) were used for background correction. The FRET method was carried out as described by Youvan (1997) , with minor modifi cations. Cells expressing donor and acceptor construct were used to compensate for the signal in the FRET channel (excitation: 488 nm, emission: 615 nm) for spectral bleed through and cross-excitation (a and b value).
net FRET (nF) was calculated using the following equation: net FRET = FRET signal -(a × RFP signal) -(b × EGFP signal). Both RFP and EGFP signals were observed in the cell, and appropriate percentages of these two signals must be subtracted from any signal measured in the FRET channel. This procedure was done on the entire image using some type of image arithmetic, or it can be done on a pixel-by-pixel basis at specifi c cellular substructures. The images and data analysis were processed with Volocity software (Perkin Elmer). ] i (Zhang et al., 2009) . The changes in fl uorescence intensity of Fura-2-loaded cells at 340 nm/380 nm excitation and 510 nm emission wavelengths and those of DAF-2-loaded cells at 490 nm excitation and 515 nm emission wavelengths were recorded under a Nikon TE2000 inverted epifl uorescence microscope equipped with a 40× oil immersion objective lens and a Sutter fi lter wheel. In all experiments, the objective was focused on cell somata rather than neurites. The time courses for [Ca 2+ ] i and [NO] i were plotted from a minimum of 20 randomly selected cell somata.
Western blot analysis
The cerebral cortex, cerebellar cortex, hippocampus, and corpus striatum were obtained from adult SpragueDawley rats. Soluble proteins from the tissues and cells were extracted with ice-cold RIPA buffer (50 mmol/L Tris/HCl, pH 7.4, 150 mmol/L NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mmol/L EDTA, 1 mmol/L NaF, and proteinase inhibitor cocktails). The protein concentrations were measured using a BCA protein assay kit (Pierce). Approximately 20 μg of each sample was subjected to SDS-PAGE and electroblotted onto PVDF membranes (GE). After blocking with 5% nonfat dry milk in TBST (10 mmol/ L Tris/HCl, pH 7.4, 150 mmol/L NaCl, 0.1% Tween-20) at room temperature for 1 h, the membranes were incubated with proper primary antibodies overnight at 4°C. After washing with TBST, the membranes were incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. The immunoblots were visualized using a SuperSignal West Pico chemiluminescent substrate system (Pierce).
Immunofl uorescence microscopy
The cells were fi xed in 4% paraformaldehyde for 30 min at room temperature and were permeabilized with 1% Triton X-100 for 10 min. After blocking with 5% goat serum, the cells were incubated overnight at 4°C with primary antibodies in PBS. The cells were incubated for 1 h with FITC-and TRITC-conjugated secondary antibodies at 37°C before they were observed under an Olympus FV500 laser confocal scanning microscope. In some experiments, the cells were pretreated with 10 mmol/L methyl-β-cyclodextrin (MβCD) for 30 min to disrupt the lipid rafts (Zhang et al., 2009 ).
Förster resonance energy transfer (FRET)
FRET was employed to determine the changes in the protein-protein interaction between PMCA4b and nNOS. HEK-293 cells were transfected or cotransfected with the pEGFP-hPMCA4b, pRFP-nNOS, pEGFP-hPMCA4b-mut, pEGFP-hPMCA4b-cap, or the pRFP-ΔnNOS plasmids. They were then seeded onto 30 mm-glass coverslips at 3 × 10 4 cell/well, and maintained at 37°C for 48 h. Subsequently, the cells were incubated in isosmotic buffer containing 145 mmol/L N-methyl-dglucamine, 5 mmol/L KCl, 1 mmol/L MgCl 2 , 1 mmol/L CaCl 2 , 10 mmol/L d-glucose, 100 μmol/L l-arginine, and 10 mmol/L HEPES, pH 7.4. The cells were treated with 1 μmol/L thapsigargin and 50 nmol/L ionomycin to induce a transient increase in [Ca 2+ ] i . In some experiments, the cells were pretreated with 10 mmol/L MβCD for 30 min to impair the lipid raft microdomains before the thapsigargin/ionomycin treatment.
The changes in FRET were recorded using an UltraVIEW VoX laser confocal scanning microscope system (Perkin Elmer) equipped with a 60×, 1.4 NA oil immersion objective lens and a cultivation chamber fitted with a temperature-control and CO 2 -control device (Tokai Hit, 37°C, 5% CO 2 ). The cells were imaged at 8 s-intervals for
